The health benefits of long-chain (n-3) PUFA have been widely reported in the literature. Despite the potential benefits, consumption of these fatty acids continues to fall below recommendations from various health and regulatory agencies.
Introduction
The health benefits of long-chain omega-3 fatty acids [(n-3) PUFA], also known as (n-3) fatty acids, have been reported in the scientific literature (1-3), including their impact on cardiovascular disease. Consumers have developed an increased awareness of the benefits of (n-3) fatty acids that has resulted in increased consumption. However, US NHANES data demonstrates that most Americans do not meet the recommended intake of long-chain (n-3) fatty acids (4) promoted from several nongovernmental organizations, including the AHA and American Dietetics Association (5, 6) . Although the sales of (n-3) fatty acid supplements have increased, many challenges exist in formulating food products related to lipid oxidation that result in flavor and shelf life compromises. Finding new sources of (n-3) fatty acids that can provide the health benefits of long-chain (n-3) PUFA that can be easily incorporated into food will be needed to increase overall (n-3) fatty acid consumption. Modified soybeans containing SDA 6 [18:4(n-3)] may offer the opportunity to increase (n-3) fatty acid consumption.
Lipid Oxidation
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easily abstracted from the fatty acid leading to the formation of a free radical, the first step in the lipid oxidation cascade. As the number of double bonds in a PUFA increases, the number of low energy carbon-hydrogen bonds increases, making the fatty acid even more susceptible to oxidation. An approximation of the relative oxidation susceptibility of a number of fatty acids has been developed ( Table 1 ) and is based on work from several laboratories, as discussed in a review published by Frankel (7). Lipid oxidation can have an important impact on the flavor of both the oil and any food manufactured with the oil. As the reaction occurs, this leads to the separation of fatty acids to produce low-molecular weight volatile compounds. These volatile compounds can produce both desirable and undesirable flavors. The specific volatile compounds produced are a function of the type of fatty acid found in the food. Volatiles can be produced in different quantities and have different sensory threshold levels. The total impact on flavor is a combination of both the volatile concentrations and the threshold level. As an example, several carbonyl compounds ( Table 2 ) were found in beef fat (8) . Oxidation compounds such as trans,trans-2,6-nonadienal has a very low flavor threshold and thus has an important impact on flavor. This specific compound has been found to be important in EPA and DHA oxidation and off-flavor development.
The reason (n-3) fatty acid-fortified functional foods are a challenge is due to the long chain (n-3) fatty acids, EPA and DHA, being very susceptible to oxidation. Only small amounts of oxidation are needed, because oxidation products have sensory threshold levels in the low parts per billion (Table 2) . Most raw materials and oils with (n-3) fatty acids undergo oxidation during their harvesting, storage, and refining. For many sources of fish oil, oxidation begins in the fish as soon as they are harvested and oxidation continues during rendering. Oxidized crude oil must be steam distilled to remove volatile oxidation products and breakdown preexisting hydroperoxides that can convert to oxidation products. In most cases, antioxidants must then be added to stabilize the oil from oxidation. Although refining removes volatile compounds, the oil still contains nonvolatile oxidation products called core aldehydes that are not removed by steam distillation. These core aldehydes can be potentially toxic and prooxidative (9-11).
SDA
SDA is an intermediate product in the conversion of ALA to EPA and is the desaturation product of ALA. SDA has better oxidative stability than the more highly unsaturated (n-3) fatty acids, EPA and DHA, due to a lower number of double bonds. In addition, soybeans have inherent antioxidant protection systems such as encapsulated oil bodies, inherent antioxidants, and control of prooxidative metals that can protect fatty acids from oxidation. Lipids in oilseeds are often packaged in physical structures know as oil bodies, which are naturally antioxidative. Gray et al. (12) found that the oxidative stability of oil bodies was much greater over time than extracted oil and emulsified oil. Based on product analysis, SDA soybean oil, derived from SDAenriched soybeans, contains 1100 mg/g of total tocopherols, a natural antioxidant. In comparison, primrose, flaxseed, and menhaden oils contained 341, 150, and 48 mg/g total tocopherols, respectively (L. Vazquez and C. C. Akoh, unpublished data). Because oils packaged in physical structures are naturally antioxidative and natural antioxidant levels are high in SDA soybean oil, this helps protect the oil during extraction, refining, and further processing. Bland-flavored oil with good oxidative stability can be obtained. Potential advantages of using soybeans as a source of (n-3) fatty acids are that they can be used sustainably as extracted oil, soy flour, soy flakes, and edamane for human consumption as well as use in animal feed. Akoh and Vasquez (unpublished data) identified the fatty acid composition of SDA soybean oil ( Table 3) .
Food Applications with SDA Soybean Oil
With a bland flavor, SDA soybean oil has the potential to be added to a broad range of applications, including food emulsions such as margarine/spreads, shortenings, mayonnaise, salad dressings and peanut butter; dairy products, including yogurt, nondairy creamers, sour cream, dips, and cheese; beverages such as smoothies, soy milk, and fruit juices and drinks; baked products, including bread, cookies/crackers, muffins, bagels, pastries, cakes, and cereal and energy bars; and prepared foods, including soups, sauces, and prepared meals. The most common daily intake recommendation for the long-chain PUFA EPA and DHA is 500 mg (ranges from 200 to 610 mg) for healthy individuals (5, 6, 13, 14) . These recommendations, however, do not provide specific guidance on the appropriate ratio of EPA:DHA. Fish oils, the most common source of EPA and DHA, typically range between~1:2 and 2:1 of the two fatty acids (15, 16) . Taking the middle of this range, about one-half of 500 mg/d equates to a goal of~250 mg EPA/d for maintaining heart health, which could be obtained from eating foods made with SDA-containing oil. Establishing a sufficient amount of SDA in the diet can be based on the relative efficacy of SDA vs. EPA to raise RBC EPA levels. This value varies among individuals and between studies from ;3:1 to 6:1 (17-19) ; 250 mg/d EPA could be achieved by 750-1500 mg/d SDA. This is equivalent to 187-375 mg SDA obtained through four servings/d of appropriate SDA-containing foods. The FDA has provided a positive response to the GRAS notification for SDA soybean oil and included in its review a dietary intake assessment for the addition of SDA soybean oil to a range of appropriate food products (20) .
The nutritional benefits of consuming SDA soybean oil have recently been reported (17, 18) . A study conducted by Harris et al. (17) and Lemke et al. (18) that evaluated the impact of consuming SDA [18:4(n-3)] resulted in a significant increase in RBC EPA and a significant increase in the Omega-3 Index, an emerging marker for coronary heart disease risk, confirming that SDA can provide a source of long chain (n-3) fatty acids in the diet when added to everyday foods consumers routinely eat.
A range of food product prototypes was prepared to evaluate the impact of SDA soybean oil on flavor, shelf life, and, more importantly, consumer acceptance. Based on recommended intakes of (n-3) PUFA and relative conversion rates, a target of 375 mg SDA/serving for an individual food product was selected. Whittinghill and Welsby (21) described the addition of SDA soybean oil to a range of bakery applications, either directly or through formulation of a shortening. In one example, apple cinnamon baked cereal bars containing 6% SDA soybean oil (which at 20% SDA content in the oil provides 375 mg SDA/ serving) were manufactured using a standard industrial process and analyzed for acceptability compared to control samples. Consumer acceptance testing was used to evaluate functional and sensory performance. Using untrained consumer panelists, data were reported on a 9-point hedonic scale and a sequential monadic serving protocol was used. The number of panelists ranged from 30 to over 60 depending on available panelists and test design. ANOVA was conducted on analyst scores at a 95% CI and using Tukey's significant difference testing. There were no significant difference in the mean consumer acceptance scores for overall liking, liking of flavor, liking of texture, and liking of mouth-feel between the control made with soybean oil and the SDA soybean oil bars. Additional food prototypes developed included cream soup, strawberry beverage, frankfurters, yogurt, yogurt drink, fruit and nut granola bars, 60% fat margarine-type spreads, and mayonnaise [(20) and R. Wilkes, D. Welsby, and J. Whittinghill, unpublished data]. All samples were presented to consumers at a typical age consumers would consume each individual food prototype and compared to a control with soybean oil in each individual test. The results demonstrate that there were no significant differences in overall liking, indicating equal consumer acceptance of SDA-enriched food products compared to the appropriate control prototype (Fig. 1) .
Conclusions
There are several keys to the successful addition of (n-3) fatty acids in functional foods. The food must contain a nutritionally significant level of (n-3) PUFA, the source of (n-3) fatty acids must not affect the flavor of the food, and the (n-3) fatty acids must be oxidatively stable during the typical shelf life of the food product. SDA soybeans have the potential to meet all of these criteria. SDA-enhanced soybean oil can be readily substituted for conventional soybean oil in most applications, has excellent oxidative stability in many applications, is more stable than long chain (n-3) fatty acid oil sources such as fish and algal oils, and is a sustainable plant source of (n-3) fatty acids for food and feed use.
